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NASA CR-72387

DESIGN, FABRICATION, AND FABRICATION EVALUATION
OF HIGH TEMPERATURE FUEL PINS

By
R. L. Gulley

ABSTRACT

A total of twenty-seven molybdenum clad fuel pins
were designed and fabricated by Battelle-Northwest for
the Lewis Research Center of the National Aeronautics
and Space Administration. The purpose of the pins is
to provide irradiation data needed for the design of
full-length reactor fuel pins. Six of the fuel pins
contained depleted uranium dioxide (UO2); fourteen
contained fully enriched UO32; one contained depleted
uranium nitride (UN); and six contained fully enriched
UN.
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NASA CR-72387

DESIGN, FABRICATION, AND FABRICATION EVALUATION
OF HIGH TEMPERATURE FUEL PINS

INTRODUCTION

Battelle-Northwest has completed a program to design
and fabricate high temperature fuel pins for the Lewis
Research Center of the National Aeronautics and Space
Administration.(l) This report, the fifth and final of
a series(2’3’4’5) required in this contract, describkes the
design, fabrication, and fabrication evaluation of the

fuel pins.
SUMMARY

A total of twenty-seven molybdenum clad fuel pins were
fabricated for tests and evaluation., Six of these fuel pins
were prototvpes and contained depleted uranium dioxide (UOZ);

fourteen contained fully enriched UO one contained depleted

uranium nitride (UN); and six contaiied fully enriched UN.
A number of short pellets were used to make up each UO2
fuel column, and a single pellet was used for each UN fuel
column. All of the pins met the required criteria and
quality levels established for the design irradiation
conditions. Pertinent data for each pin are presented in
Table I. Design specifications for the fuel pins are

presented in Drawing No. R-1008 (Figure 1).

The purpose of these pins is to provide irradiation
data needed for the design of full-length reactor fuel pins.
Primary factors considered in the design of these pins for

high temperature service to high exposure include:




Table I
Fuel Pin Data
Fuel Plenum End
Pin * Pellet Weight Length N Cap
No. Fuel Type** (grams) (inches) Number  Lxtensions
5 Dep. U0y s 9.6292 1 1p! No
7 "o S 9.6080 1 1p No
10 "o C 8.0267 7/8 2p HNo
13 "o C 8.0129 7/8 2p No
16 oo C 8.0568 7/8 2P No
23 v C 8.0231 7/8 2P No
29 En. UO, c 7.8620  1/2 23 Yes
33 v C 7.9126 1/2 23 Yes
38 o C 7.9282 1/2 23 Yes
36 oo c 7.8658 1 22 Yes
39 v C 7.9465 1 22 Yes
37 "o C 7.8766 1 22 Yes
26 oo S 9.8407 1 21 Yes
30 voon S 9.8760 1 21 Yes
34 o S 9.8559 1 21 Yes
25 o ] 9.8545 1 21 Yes
28 " ! S 9.8977 1-1/2 20 Yes
31 v S 9.8518 1-1/2 20 Yes
35 v S 9.8970 1-1/2 20 Yes
27 o S 9.8426 1-1/2 20 Yes
9 Dep. UN c 10.8680 1/2 34 No
11 En UN C 10.5962 1/2 33 Yes
12 v C 10.7351 1/2 33 Yes
14 oo C 10.8633 172 33 Yes
15 v c 10.8501 1 32 Yes
19 v C 10.5859 1 32 Yes
20 "o C 10.6619 1 32 Yes

* Dep.~-Depleted; Fn.-Fully Enriched
** C - Cored; S-Solid

t See Figure 1

A P - Prototypic
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Maximum cladding and fuel temperatures

Fuel expansion

Internal pressures due to released fission gas
Heat transfer from the fuel to the coolant
Compatibility of the cladding with the fuel
material and the coolant

Although it was necessary to develop techniques for
fabricating the cored UN pellets, no significant problems
were encountered in fabricating the pellets. Problems were
encountered, however, with the cladding. Attempts to bore
out stock molybdenum tubing to obtain a thin wall (0.025 in.)
cladding failed to hold wall thickness and internal surface
requirements, To eliminate the machining problems, a thick
wall (0.050 in.) tubing was specified by NASA-Lewis. 2dop-
tion of the thick wall tubing introduced a weld penetration
problem which was eventually corrected by altering the end

cap design and developing a welding technique.

Significant aspects of the work performed under this

contract were:

A fuel pin design which met the criteria estab-

lished by NASA-Lewis was developed.

The fuel pins were fabricated to required

criteria and quality levels.

° Cored UO2 pellets with thin walls were fabri-
cated to close tolerances.

° Solid and cored UN pellets were fabricated by
hot isostatic compaction.

° A source of high quality TZM molybdenum alloy
cladding tubes was established.

° A welding technique for making the fuel pin

end closures was developed.



DESIGN OF THE FUEL PINS

The fuel pins described in this report were designed
to provide irfadiation data needed for the design of full-
length reactor fuel pins. Primary factors considered in
the design of these pins for high temperature service to

high exposure include:

Maximum cladding and fuel temperatures

Fuel expansion

Internal pressure due to released fission gas
Heat transfer from the fuel to the coolant

° Compatibility of the cladding with the fuel

material and the coolant.

Fuel Material and Form

Pelleted UO2 was used in one of the basic fuel pin
designs because of the large amount of experience and confi-
dence that has been acquired with this type of fuel. The
technology of this material is well advanced and its adequacy
as a reactor fuel has been thoroughly demonstrated. Pelleted
UN was used in one of the basic fuel pin designs because
pelleted UN can be operated at higher powers without reach-
ing excessive fuel temperatures than can pelleted UOZ'
The thermal conductivity of UN is about six times that of
UO2 .
Solid pellets and cored pellets were used in the fuel
pin designs. Cored pellets allow for a shorter gas plenum
than solid pellets because fuel temperatures are lower and
fewer fission gases are released from the fuel. Solid pellets
were used because of the large amount of experience with this

form of fuel and the ease with which they can be fabricated.



Cladding Material

The operating conditions of these fuel pins required
that a refractory metal be used for, cladding. Tungsten,
molybdenum, niobium, and tantalum were considered as candi-
date cladding materials. Based on neutronic, thermal, and
strength properties, molybdenum was chosen to be the best
suited cladding material. 1In addition, molybdenum is com-
patible with the fuel materials and coolant to which the

cladding is to be exposed.

Fuel-to-Cladding Gap and Bond

The gap between the fuel and cladding was chosen so
that differential expansion of the fuel and cladding would
permit the pellets to contact the cladding but exert zero
interface pressure at maximum operating conditions. The
two components that comprise fuel expansion are thermal
expansion and fission product swelling. Calculation of total
fuel expansion was made on a conservative basis by using

high values for thermal expansion and swelling rate.

One atmosphere of helium gas was used in these fuel
pins to provide a heat transfer bond between the fuel and
the cladding. Although experience has shown(6) that the
generation and release of fission gases quickly provides a
gaseous heat transfer bond and a corresponding reduction in
fuel temperature, calculations show that almost all of the
fuel in these pins would initially be molten if they were

fabricated without a gas bond.

Helium gas, rather than nitrogen gas, was used in the
fuel pins containing UN pellets because the thermal conducti-
vity of helium is significantly (~5 times) higher than that

of nitrogen. Consideration was given to the dependence of



UN decomposition on nitrogen pressure. Calculations, based
upon experimental data(7), showed that for a fuel pin con-
taining a 10.5 gram UN pellet and a 0.047 cu. in. (0.2 in,
diameter by 1.5 in. long) gas plenum less than 0.0008% of
the UN would decompose when at 2500°C and less than 0.08%

would decompose when at 2850°C.

Cladding Thickness and Gas Plenum Length

Factors considered in arriving at a minimum cladding
thickness included an estimate of the maximum internal
pressure and an allowable cladding stress. The allowable
stress was assumed to be equal to one-half the ultimate
(8) The

maximum internal pressure was estimated by selecting a gas

tensile strength reported by Brookes and Harris.

plenum length, based upon pin dimension limitations specified
by NASA—Lewis(l), and assuming that all of the fission gases
formed and the helium bond gas will be collected in the plenum.
The average temperature of the gases was assumed to be the

(1)

same as the maximum cladding temperature specified by NASA-Lewis.

DESCRIPTION OF THE FABRICATION PROCESS

Flowsheets of the UO2 and UN pellet preparation pro-
cesses are presented in Figures 2 and 3, respectively. A
flowsheet of the fuel pin fabrication process is presented

in Figure 4.

Pellet Preparation

The UO2 pellets were prepared by well-established
cold pressing and sintering techniques. A detailed description
of the basic process is presented in Special Report No.
2.(3) Ceramic grade uo, powder, which was purchased from

a commercial vendor, was mixed with water and a binder
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(Carbowax) to form a slurry. The slurry was dried, granulated,
and sized. The pellets were cold pressed at 90,000 psi to

a green density of 56-60% of theoretical and then sintered

in hydrogen at 1680°C for eight hours. Because the sinter-
ing characteristics of the UO2 powder had been determined and
the pressing and sintering conditions carefully controlled,
no grinding was necessary to obtain the desired diameter.

The sintered pellets varied from 94-96% T.D. Pellets were
end-ground, as necessary, to remove chipped areas. Fuel
columns were fabricated to exact length by grinding the final
pellet. BAfter grinding, the pellets were washed in ethanol

and dried.

The UN pellets were fabricated at the Battelle Memorial
Institute Laboratories in Columbus, Ohio. Six cored pellets
of polycrystalline UN were prepared from fully enriched
uranium, and one cored pellet and ten wafer specimens of
polyvcrystalline UN were prepared from depleted uranium.

The UN powder was prepared by reacting nibbled* uranium
metal with prepurified nitrogen gas in a reaction furnace
that was evacuated to 1 x 10—6 torr before back filling
with nitrogen. The reaction furnace contained tungsten
heaters and shields and the nibbled uranium was contained
in tungsten-lined molybdenum crucibles. To form the higher
nitride powder, the nitrogen gas was maintained at 850°C
and one atmosphere of pressure. When this reaction was
completed, the temperature was slowly increased to 1400°C.
The furnace was then evacuated to 1 X 10-5 torr to allow

the powder to cool under a vacuum. Before removing the

*  Uranium metal niblets are cubes (~1/8 in.) which
contain a minimum amount of contaminants for their
surface area.
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UN-containing crucibles from the furnace, the furnace was

back filled with argon gas. The UN powder was then placed

in a dry box, screened through an 80 mesh seive, vibrationally
packed into rubber hydrostatic pressing tubes, and green
pressed into rods under a pressure of 100,000 psi. The rods
were sized, wrapped in tantalum foil and degassed graphite
foil, and inserted in tantalum tubes which were subsequently
sealed by electron beam welding tantalum plugs in the ends

of the tubes. Densification of the UN rods was accomplished
by hot isostatic compaction at a temperature of 1650°C and

a pressure of 15,000 psi for three hours. The pressure was
released at temperéture and the rods were furnace cooled. Final
sizing of the densified pellets was accomplished by electrical
discharge drilling to 0.084 in. diameter followed by honing

of the I.D. to 0.090 in. and grinding of the 0.D. to 0.195 in.
To prevent extensive fracturing while cooling in the hot iso-
static pressing autoclave, each rod was densified considerably
oversize. Thus, approximately 0.25 in. was removed from the
0.D. of each rod. The depleted UN pellets were prepared

before the enriched pellets.

Cladding and Hardware Preparation

Cladding tubes, which had been fabricated from solid TZIM
molybdenum alloy bar stock, were obtained from Thermo Electron
Engineering Company, Woburn, Massachusetts. These tubes had
been sized by grinding)the 0.D. and drilling the I.D. with a
(9

centercut gun drill. Use of a special lubricant, developed
by Thermo Electron Engineering Company, eliminated the need for
honing the I.D. The cladding was nondestructively tested and

then machined to length.

End caps were machined from solid molybdenum bar stock.
The plenum sleeves and the support rings were machined from

swaged molybdenum tubing having a 0.25 in. (outside) diameter
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and 0.050 in. wall thickness. Electrical discharge machining
(EDM) was used to fabricate the tungsten wafers and springs
from unalloyed tungsten foil,

Pin Assembly

All pin components (Figure 5 and 6) were thoroughly
cleaned in acetone and ethanol and dried before assembly.
The tungsten support sleeves were only used with cored
pellets. Although not shown in Figure 5, plenum support rings
and penum support sleeves of the type shown in Figure 6
were used in the pins containing uo, pellets as well as in
the pins containing UN pellets. End caps without extensions,
similar to those shown in Figure 5, were only used in fuel
pins containing depleted fuel. End caps with extensions,
similar to those shown in Figure 6, were used in fuel pins
containing enriched fuel. The interior components, including
the fuel pellets, were then inserted into the tubing. The
assembly was placed in a welding box which was evacuated to
1 x lO_4 torr and backfilled with helium. The second end
cap was welded into place, completing the fuel pin assembly

(Figure 7).

EVALUATION OF THE FUEL PINS

Ceramic grade UO2 was purchased to ASA N5.,5 specification,
issued September 20, 1965, by the American Standards Association,
Inc. Analyses of the depleted and enriched UO2 powder, as
reported by the vendors, are shown in Table II. After process-
ing the depleted and enriched uo, into pellets, the oxygen-
uranium ratio (0/U), and flourine, chlorine, and water contents

were determined (Table ITII).

The UN pellets were analvzed at the Battelle Memorial
Institute Laboratories in Columbus, Ohio. Analyses of the

UN pellets are shown in Table IV.
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Table II
Analyses of Depleted and Enriched U0, _Powder

. Analyses (ppm) Analyses (ppm)
Constituent Dep. uo, En U0, Constituent Dep. vo, En UO
Ag < 0.1 0.1 Mn < 5 < 5
Al 4 < 25 Mo < 1 < 10
B < 0.2 < 0.25 N - 81
Ba < 5 < 2.5 Na < 40 < 10
Be < 0.1 < 0.5 Ni 42 46
Bi < 1 < 1 p < 10 < 12.5
Ca < 20 < 25 Pb < 1 < 1
cd < 0.1 < 0.2 Rb - < 10
Cc1 - < 10 Sb - < 5
Co < 5 < 2.5 Si 120 < 25
Cr 16 < 17 Sn < 1 < 2.5
Cs - 5 Sr -- < 10
Cu 2 < 10 Th - < 8
F 136 10 T - < 10
Fe 48 40 Ti 1.2 < 25
In - < 2.5 \Y < 2.5 < 25
K -— < 10 Zn 30 < 25
Li < 50 < 1 2r 2 < 25
Mg 18 < 17
Table II1I
Analyses of Depleted and Enriched UO2 bPellets
Analysis
Constituent Depleted UO, Enriched U0,
Oxyagen 2.005 0/U ratio 2,019 2/U ratio
Water 15 ppm 27 ppm
Flourine < 2 ppm <2 ppm
Chlorine <10 ppm <5 ppn
Carbon - 3C ppm
Table IV
Analyses of UN Pellets
Pellet "
Number N O C _Fe B Si Cr Cca Cu Ni Mg Mo
Depleted 5.60 340 190 22 <0.3 35 <5 <1 20 20 <2 <3
Enriched 1-4 5.17 677 340 100 1 20 20 5 2 40 2 1
Enriched 5-6 5.14 875 470 200 0.5 50 15 30 5 50 10 50

* Wts
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Metallographic samples of the UN pellet material were
also taken at the Battelle Memorial Institute Laboratories
in Columbus, Ohio. Typical microstructures of the depleted
UN pellets are shown in Figure 8. Typical microstructures

of the enriched UN pellets are shown in Figure 9 and 10.

The white second phase visible in the microstructure, especially

for pellets 5 and 6 (Figure 10), was not positively identified
but has been occasionally observed in other uranium nitride
specimens made from enriched uranium. The second phase is
thought to be oxide, because the oxygen contents in pellets

5 and 6 are higher than in the other UN pellets (Table 1IV).
However, this phase does not have the usual appearance of
oxide inclusions. Recent irradiations by Battelle-Northwest
with (U,Pu)N fuel containing 4000-5900 »pm oxygen indicates
that the oxygen content in these fuel pins (340-875 ppm)
should not adversely affect fuel performance (i.e., exces-
sive grain growth or thermal decomposition at temperatures

up to 2000°C).(lo) The nitrogen contents of the enriched
pellets, as shown by chemical analyses (Table 1IV), are lower
than the microstructures would indicate. Pellets 1 through
4 were used in pins 11, 12, 14, and 15, respectively, and
235U. The

uranium used for pellets 5 and 6 (pins 19 and 20) contained
235
8}

contained uranium enriched to 93.17 per cent

93.10 per cent

The dimensions of all fuel pellets were accurately
measured and the densities determined. Fuel column weights,
dimensions, and densities for all of the fuel pins are shown

in Table V.

All of the components of each pin were accurately weighed
(Table VI), and the total weight of the components cross-
checked with the weight of the assembled fuel pin. The

welghts agreed to within 0.1% for the prototype fuel pins



250X (Neg. No. BMI 7A433)

100X (Neg. No. BMI 7A432)

FIGURE 8. Microtstructures of Depleted UN Pellet
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250X (Neg. No. BMI 0C672)

100X (Neg. No. BMI 0C670)

FIGURE 9. Microstructures of Enriched UN Pellets 1 through 4




100X (Neg. No. BMI 3C284)

FIGURE 10. Microstructures of Enriched UN Pellets 5 and 6
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containing depleted UO2 pellets, and to within 0.02% for
the remaining fuel pins.

Molybdenum tubing was purchased to the standard TZM
alloy composition, i.e., 0.5% Ti, 0.08% Zr, and 0.02% C,
bal.: molybdenum. Analysis of the TZM alloy is shown in
Exhibit I. The cladding tubes were ultrasonically tested for
internal defects using a 0.0026 in. deep by 0.015 in. long
artificial defect as the reject level. Three of the original
20 pieces ordered were rejected. All pieces in a subsequent
order were accepted. Wall thickness on all tubes, measured
by micrometer at the tube ends and from radiographs, was
uniform and within specifications. The dimensions of each
component for each pin were checked. All dimensions con-
formed to the specifications shown on Drawings No. R-1008
(Figure 1) with the exception of the diameters of the solid
depleted U02 pellets which were 0.188 in. and the inner dia-
meters of the hollow depleted UO2 pellets which were 0.086 in.
These exceptions were inconsequential to the evaluation planned

for the prototype pins and were accepted by NASA-Lewis.

The end caps were fabricated from unalloyed molybdenum.
Fourteen end caps (Part 30, Figure 1) were supplied by NASA-

Lewis for the fuel pins containing enriched UOQ., pellets.

All other end caps were fabricated by BattelleENorthwest
Laboratories from bar stock supplied by NASA-Lewis. No
special significance is implied to either the part number,
tne supplier, or the fabricator; this point is documented
only in the event that subsequent evaluation should detect
a difference between the sources of material. An analysis
which is representative of the unalloyed molybdenum used

for the end caps is shown in Exhibit II.
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All tungsten parts were fabricated from unalloyed tungs-
ten foil.

After final closure welding, the pins were checked
for leaks with a helium leak detector. The pins were radio-
graphed to determine weld penetration and fuel column
integrity and location. Photographic prints made from radio-
graphs of the fuel pins are shown in Figures 11, 12, and 13.
Complete weld penetration was obtained on all pins. The
minimum wall thickness in the weld regions was 75% of the
specified tube wall thickness in all pins. Inversion of the
tungsten Belleville spring was detected in fuel pin No. 39.
Because the inverted spring will not affect the performance

of the fuel pin, the pin was not disassembled.

PROBLEMS ENCOUNTERED DURING FABRICATION

Several difficult and time consuming problems were
encountered in fabricating these fuel pins. The experience
gained in solving these problems may be of value in fabricating
other types of high temperature fuel pins or related fuel
assembly components. For this reason, a brief discussion of
these problems and their solution is presented. It will be
of interest to note that the problems described were all
associated with the cladding or end caps. No significant

problems were encountered in fabricating the fuel pellets.

Considerable effort was expended in attempting to obtain
the thin wall (0.025 in.) molybdenum cladding originally
specified for the fuel pins. Stock molybdenum tubing, made
by powder metallurgy, was available in the proper outside
diameter, but the wall thickness was 0.050 in. Attempts to
bore out this tubing met with many difficulties. The as-

fabricated tubing cracked during machining; annealing
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alleviated this problem. Early machining attempts failed to
hold wall thickness requirements, and although steady progress
was made, the starting variation in wall thickness was too
large to overcome by machining and the wall thickness reject
rate remained high. In addition, a large percentage of the

tubes were rejected for internal defects.

One lot of stock molybdenum tubing having a 0.250 in. (out-
side) diameter and 0.030 in. wall thickness, also a powder
metallurgy product, was obtained and evaluated. Excessive
cracking was detected in the tubing with the ultrasonic test,

and no further work with this tubing was attempted.

These two types of tubing had not been fabricated by
the vendors for nuclear fuel cladding. Consequently, they
were not subjected to the strict quality control required

for such use.

In view of these problems, NASA-Lewis specified that
the wall thickness be increased to 0.050 in. With the
adoption of the thick wall (0.050 in.) tubing, weld penetra-
tion became a problem. With the 0.025 in. wall tubing, 100%
weld penetration was achieved, but with the 0.050 in. wall
tubing, penetration in the test welds was between 50 and 60
per cent. Welding techniques were developed for the enriched
UO2 fuel pins with the goal of 80 per cent minimum penetration.
The problem centered around the end cap design. The end cap
contained a stem which restricted the electrode position.
This restriction, in turn, limited the ability to apply to
the proper location the amount of heat required to simulta-
neously melt approximately equal volumes of the end cap and

can wall.
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By relieving the diameter of the stem 0.015 in. and
positioning the 1/16 in. diameter tungsten electrode at a
45° angle to the outer edge of the cladding, 80% penetration
was achieved using 85 amperes and a welding speed of 7 rpm.
Weld penetration varied between 50 and 60 per cent by the
other technique investigated. By increasing the current to
90 amperes, complete penetration (100 per cent) was obtained

on the fuel pins, themselves.

During final weld closure of the enriched UN fuel pins,
the angle of the electrode was less than 45° and molten metal
relocated to the small diameter region of the end caps. The

unacceptable pins were reclad with new cladding and end caps.

The welding problem was corrected by increasing the angle
of the tungsten electrode, thereby directing more heat into
the weld region. Complete penetration was obtained on the
acceptable enriched UN fuel pins. The minimum wall thickness
in the weld regions of all pins was 75% of the tube wall
thickness.
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